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The analysis of frequency sweep signals in the previous chapter, showed differences
between Fourier analysis and the rms method. Transfer functions are also derived
by measuring noise responses (Hedeen and Edelstein [1997]) and pulse responses
(Tomasi and Ernst [2003]). These are broadband signals that present all frequencies
at the same time. In this chapter, first the transfer functions are presented from the
broadband noise input signal and the pulse signal; these are derived with Fourier
analysis. Second, the frequency sweep signals are analyzed by Fourier analysis and
by the rms method. The data are acquired on a 3 T scanner.
7.2 Results
Here, only results for theX gradient are shown. The data for the Y and the Z gradi-
ent are analyzed in the same way and produce the same differences with respect to
analysis method. Resonances occur at different frequencies for the Y and Z-gradient
coils.
To obtain transfer functions for A-weighted SPLs, the sound pressure data can be
weighted before determining the transfer function.
7.2.1 Noise response
For 25 seconds, pink noise (bandwidth from 40 to 3500 Hz, 0.2 V rms amplitude)
was presented directly to the gradient amplifier input and the sound pressure in
the scanner’s isocenter was recorded. 50 successive 0.5-second pieces of data are
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Figure 7.1: Noise transfer function (normalized).
considered to be repetitions of the noise experiment. Pieces of 0.5 seconds are
chosen to still have a good frequency resolution and also to have a high number
of repetitions for averaging (Papoulis [1984]). Over the bandwidth of interest, the
gradient currents showed a spectrum corresponding to pink noise; because of the
noisy features of the input signal, instead of dividing by the spectrum of the noise
gradient current, a theoretical adjustment of the sound pressure spectrum is made
by multiplying the Fourier transforms with the square root of the frequency. The
resulting transfer function is plotted in figure 7.1.
7.2.2 Pulse response
The pulses as described in section 4.2.2, were the shortest possible pulses that could
be programmed on the scanner. Six pulses and the acoustic responses were recorded
and the Fourier transforms were taken of 6 samples of 1 second long, all beginning
directly before the rise of the pulse current.
The full-width half-maximum of 0.4 ms of the pulses gives zero amplitude in the
spectrum at integer multiples of 2500 Hz, this means that at these frequencies, the
transfer cannot be calculated with meaning. The high peak in the transfer at 2500
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Figure 7.2: Pulse transfer function (normalized). The black line is the
transfer function, and the grey line is the Fourier transform of the pulses.
At 2500 Hz, a clear minimum is visible in the spectrum of the pulses; at this
frequency, the transfer function cannot be calculated with meaning.
Hz (figure 7.2) should therefore not be considered.
7.2.3 Frequency sweep response
The acoustic response of the scanner to frequency sweep signals is analyzed by divid-
ing the output spectrum by the input spectrum, and the proposed root-mean-square
method (equation 3.9).
The input signal amplitude was varied between 0.1 Volts and 5.0 Volts (see also
appendix A.1), where 10 Volts is maximal for the input signals. The sweep rate of 20
Hz/s was chosen to give a good enough frequency resolution when averaging takes
place over 125 ms (equation 3.17).
Fourier analysis
Before taking a Fourier transform of the data, a Kaiser-Bessel window (β = 10) was
multiplied with the data. The width of the window equalled 2 seconds, where the
61
Chapter 7




















Figure 7.3: Frequency sweep transfer function, derived with Fourier analysis
(normalized). All input signal amplitudes result in transfer functions that
are identical at resonance frequencies but differ considerably at frequencies
of low transfer.
window was stepwise shifted by 0.5 seconds (see figure 4.2). After deriving the
transfer function for the 2 seconds of data, the part of the spectrum corresponding
to the central 0.5 seconds (thus corresponding to 10 Hz) was stored. All small
parts combined give the complete transfer function (figure 7.3) for the bandwidth
of interest.
Harmonic distortion
On playback of the recorded sound, there is a considerable dynamic range in the
sound pressure level, but not the 50 dB suggested by figure 7.3 in some limited
bandwidth (e.g., 1000–1200 Hz). Calculating the SPL over time (and with a fre-
quency sweep thus over frequency) shows a dynamic range under 35 dB within the
same limited bandwidth.
Figure 7.4 displays the THD for the sound pressure (upper trace) and the electric
gradient current (lower trace). For all frequencies, equation 6.1 is evaluated and
the calculated THD is displayed at the fundamental frequency. The distortion of the
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Figure 7.4: Total harmonic distortion for the sound pressure (upper trace)
and the electric gradient current (lower trace). Results are shown for one
signal amplitude (1.0 V). The little peaks in the lower trace at 300-Hz
intervals are caused by overlap between the acquired data files. The maxima
in the THD are at frequency locations where the (sweep) transfer function
derived with Fourier analysis has extreme minima (see figure 7.3).
sound pressure is hardly caused by the distortion in the gradient current as this trace
stays well under the THD trace of the sound pressure.
Root-mean-square analysis
The root-mean-square values of the sound pressure and the gradient current were
calculated in consecutive 125 ms long pieces of data. For the sound pressure, this
leads to the SPL. The quotient of the rms values (equation 3.9) gives the sound
pressure transfer at the frequency of the input signal. For the complete spectrum
and the various input signal amplitudes, these data are shown in figure 7.5.
For the low frequency part of the transfer function, the background noise SPL
present in the scanner room is higher than the SPL generated by the gradient cur-
rents. Only with higher amplitudes of the input signal, the gradient noise rises
above the background noise (horizontal lines at the low frequency part of the trans-
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Figure 7.5: Frequency sweep transfer function, derived with root-mean-
square method (normalized). All input signal amplitudes result in transfer
functions that are identical at resonance frequencies. At frequencies of low
transfer, the root-mean-square method leads to transfer functions that are
almost identical with respect to amplitude. Below 480 Hz the gradient noise
is below the background noise for the lower input signal amplitudes.
fer). With sufficiently high signal-to-noise ratio, the transfer is largely input signal
amplitude independent. In comparison to figure 7.3, the deep troughs in the transfer
disappear. This disappearing is not due to spectral smearing, e.g., that surrounding
frequencies contribute to the transfer at the frequency of interest. Analyzing the
data with a time averaging window of only 1.3 ms also gives a transfer function
without deep troughs.
7.3 Discussion
Comparison of the four different transfer functions (noise, pulse, sweep-rms, and
sweep-FFT) reveals similarity at the peaks, and differences at the troughs. The
peaks of the different transfer functions are within a 4 dB range, except for the
peak around 2500 Hz in the pulse transfer function (figure 7.2). The deep troughs
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in figure 7.3 show a dynamic range of about 50 dB in transfer within a limited band-
width, while the rms analysis does not show more than 35 dB in the same limited
bandwidth. The difference between the two methods can be explained by harmonic
distortion, which contributes significantly to the sound pressure and is not consid-
ered by Fourier analysis of the spectra.
Further, in the responses to the noise input signal and the pulse input signal, the
distortion caused by one frequency overlaps with first order responses to other input
signal frequencies. This affects the transfer functions derived with noise or pulse
input signals, but it is impossible to tell which frequencies are affected most. The
absence of deep troughs is not the result of a poor signal-to-noise ratio to the back-
ground noise, as the spectrum of the noise response is above the background noise
spectrum for frequencies above 500 Hz (not shown). By assuming linearity and
not considering harmonic distortion, Hedeen and Edelstein [1997] have overlooked
these problems in their noise transfer function.
For the pulse response, the finite length T of the pulse must be taken into ac-
count. In our case, one of the major peaks in the transfer function was at the
frequency 1/T ; only taking the spectrum of the acoustic response does not reveal
this peak. This may have happened in the research of Tomasi and Ernst [2003].
Compensating with the spectrum of the pulse is not possible, as the spectrum is
undefined at the frequency 1/T .
For the root-mean-square analysis, the background noise level is too high to de-
termine the transfer below 480 Hz at the lowest input amplitudes (0.1–0.5 V, figure
7.5). For the other amplitudes, the acoustic response stays above the background
noise, so the background noise is not a limiting factor.
As pointed out by Hennel et al. [1999] and Marcar et al. [2002], the use of sinu-
soidal gradients and low gradient slopes can reduce the acoustic output of the MR
scanner below background noise. This is due to low transfer at low frequencies. Low
frequencies result in long acquisition times while full brain recordings during func-
tional MRI are made in seconds, not minutes. Standard EPI read-out frequencies are
around 800 Hz; because of the trapezoidal gradient currents, the acoustic response
will also be 800 Hz with the accompanying overtones. Using sinusoidal gradient
currents with frequencies above 800 Hz, provides a maximal sound pressure level
reduction of 25 dB for this scanner.
The major differences between the methods for deriving transfer functions are
found in the regions of low transfer, the very regions we are interested in. From the
three methods using Fourier analysis, the frequency sweep data gives the deepest
troughs in the transfer function. This is not due to the higher acquisition time for
the frequency sweep data, providing a higher frequency selectivity, it is solely caused
by omitting the harmonic distortion.
During our experiments, the amplitudes of the signals to the scanner could easily
be adjusted. Differences in transfer between the transfer functions for different
input amplitude signals quickly reveal nonlinearities in the system. The depths of
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the troughs differ for the different input signal amplitudes. For frequencies above
800 Hz, in the Fourier method, the differences are often over 20 dB, whereas in the
rms method, the differences are never above 16 dB.
7.4 Conclusions
To determine the transfer function of a system, the bandwidth of interest has to be
presented to the input of the system. If input signals that synchronically offer the
complete bandwidth of interest are presented, then no discrimination can be made
between contributions by first order responses and distortion.
For a good frequency separation, all frequencies in the bandwidth of interest
have to be presented separately. Frequency sweep signals are well fit to do so. Piece-
wise analysis of frequency sweep signals shows distortion after Fourier transforma-
tion; this distortion is not considered when the ratio of output and input spectra is
taken to be the transfer function.
The harmonic distortion is considered when the average sound pressure pro-
duced by a single frequency input signal is related to the electric gradient current.
This especially enhances the transfer function at frequencies of low transfer, which
are important for low acoustic output during MR scanning. Such a transfer function
can only be used to predict sound pressure levels.
Gradient currents in fMRI experiments are usually trapezoidal shaped, resulting
in a series of frequencies that are presented to the scanner. By changing the read-
out frequency, these frequencies shift. All these frequencies have to be considered
to predict the maximum sound pressure level reduction in fMRI. With sinusoidal
gradient currents, the maximum reduction from the worst case (which may be 130
dB for 3T MRI scanners) is 25 dB for this scanner. This still leaves sound pressure
levels over 100 dB during fMRI.
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